; Applied Molecular Virology, Institut Pasteur Korea, Seongnam-si, South Korea g Low oxygen tension exerts a significant effect on the replication of several DNA and RNA viruses in cultured cells. In vitro propagation of hepatitis C virus (HCV) has thus far been studied under atmospheric oxygen levels despite the fact that the liver tissue microenvironment is hypoxic. In this study, we investigated the efficiency of HCV production in actively dividing or differentiating human hepatoma cells cultured under low or atmospheric oxygen tensions. By using both HCV replicons and infectionbased assays, low oxygen was found to enhance HCV RNA replication whereas virus entry and RNA translation were not affected. Hypoxia signaling pathway-focused DNA microarray and real-time quantitative reverse transcription-PCR (qRT-PCR) analyses revealed an upregulation of genes related to hypoxic stress, glycolytic metabolism, cell growth, and proliferation when cells were kept under low (3% [vol/vol]) oxygen tension, likely reflecting cell adaptation to anaerobic conditions. Interestingly, hypoxia-mediated enhancement of HCV replication correlated directly with the increase in anaerobic glycolysis and creatine kinase B (CKB) activity that leads to elevated ATP production. Surprisingly, activation of hypoxia-inducible factor alpha (HIF-␣) was not involved in the elevation of HCV replication. Instead, a number of oncogenes known to be associated with glycolysis were upregulated and evidence that these oncogenes contribute to hypoxia-mediated enhancement of HCV replication was obtained. Finally, in liver biopsy specimens of HCV-infected patients, the levels of hypoxia and anaerobic metabolism markers correlated with HCV RNA levels. These results provide new insights into the impact of oxygen tension on the intricate HCVhost cell interaction. H epatitis C virus (HCV) infection causes a wide range of clinical manifestations, from a healthy carrier state to acute and chronic hepatitis that can lead to fibrosis, cirrhosis, and hepatocellular carcinoma. Nearly 3% of the world's population is chronically infected with HCV (1, 2), and current therapeutic approaches are not broadly effective (3).
H
epatitis C virus (HCV) infection causes a wide range of clinical manifestations, from a healthy carrier state to acute and chronic hepatitis that can lead to fibrosis, cirrhosis, and hepatocellular carcinoma. Nearly 3% of the world's population is chronically infected with HCV (1, 2), and current therapeutic approaches are not broadly effective (3) .
HCV is a positive-strand RNA virus with a 9.6-kb genome that is flanked at both termini by conserved, nontranslated regions (NTRs), required for RNA translation and replication. The 5= NTR comprises an internal ribosome entry site (IRES) that directs the expression of a polyprotein precursor (4, 5) . The polyprotein is cleaved into structural (core, E1, E2) and nonstructural (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B) proteins that, in association with cellular factors, form a membrane-associated replicase complex. This copies the viral positive-strand RNA into a negative-strand intermediate that serves as the template for the synthesis of progeny genomes. The alternative reading frame (ARFP) or coreϩ1 and minicore proteins, with as-yet-unknown functions, appear to be synthesized from the core region by alternative translation mechanisms (6, 7) .
Studies of the HCV replication cycle have first become possible in 1999 with the development of the replicon system (8) . With the identification of a particular HCV genotype 2a isolate (JFH1) that replicates very efficiently in cell culture, a fully permissive HCV culture system was established (9) . This system was improved upon development of intragenotypic chimeras consisting of the JFH1 replicase (NS3 to NS5B) fused to the J6 core-to-NS2 region (10, 11) as well as of cell culture-adapted variants of the wild-type (wt) JFH1 virus (JFH1/adpt) (12) .
To date, HCV proliferation has been studied exclusively under atmospheric oxygen tension (20% [vol/vol] O 2 ) (13) . However, liver normoxic conditions range from 12% O 2 around the portal vein to 1% O 2 near the central vein (14) , with a median value of 3% O 2 (15) . This oxygen gradient is important for a metabolic activity zonation (16, 17) that is reflected by an asymmetric distribution of key enzymes. The capacity for oxidative energy metabolism, glucose release, and oxidation protection is higher in the periportal area, whereas the capacity for glucose uptake, glutamine formation, and fatty acid synthesis is higher perivenously.
In tissue culture, low oxygen triggers an adaptive reprogramming of cellular homeostasis and bioenergetics (18) . Concerning hepatocytes, low oxygen is essential for the preservation of their structure and metabolism (19) . Moreover, hypoxia affects the replication of several viruses (20) (21) (22) (23) (24) (25) (26) .
Based on these observations, we studied the impact of oxygen tension on HCV replication and virus production in human hepatoma (Huh7) cells. We show that low oxygen selectively enhances HCV RNA replication at an early stage and in a hypoxia-inducible factor (HIF)-independent manner. We provide evidence that onco-Virus titration in cell culture supernatants. HCV was titrated essentially as described elsewhere (10) . Infectivity titers were determined using the JFH1 NS5A-specific mouse monoclonal antibody 9E10 (kindly provided by C. Rice, The Rockefeller University, NY) (10) and expressed as the 50% tissue culture infective dose (TCID 50 )/ml.
Western blot analysis. Western blotting was performed as described elsewhere (35) . Dilutions of 1:1,000 for JFH1 NS5A monoclonal antibody (9E10 [10] ), 1:500 for human HIF-1␣ mouse monoclonal antibody (BD Biosciences), 1:2,000 for human ␤-actin mouse monoclonal antibody, 1:100 for GFP rabbit polyclonal antibody (Santa Cruz Biotechnology), and 1:1,000 and 1:500 for human phosphorylated and total AKT rabbit monoclonal antibodies (Cell Signaling), respectively, were used.
Indirect immunofluorescence. Indirect immunofluorescence analysis of JFH1 NS5A was performed as described elsewhere (32) . DNA was stained with propidium iodide (Sigma). Images were acquired with the Leica TCS-SP four-channel confocal microscope equipped with an argon ion laser and helium-neon laser.
Luciferase assays. Firefly and renilla luciferase (F-Luc and R-Luc) activities in cell lysates were measured using the respective chemiluminescent assay kit (Promega), as recommended by the manufacturer, in a GloMax 20/20 single-tube luminometer (Promega) for 10 s. Luciferase activities were normalized to the total protein amount determined using the Bradford assay reagent (Pierce).
Measurement of intracellular ATP levels. ATP was measured using the ViaLight HS BioAssay kit (Lonza) according to the manufacturer's protocol in a GloMax 20/20 single-tube luminometer (Promega) for 1 s. ATP levels were normalized to total protein amounts.
RNA quantification by quantitative reverse transcription-PCR (qRT-PCR) and a branched DNA assay. Total cellular RNA was extracted using the NucleoSpin RNA II kit (Macherey-Nagel). cDNA synthesis was performed with Moloney murine leukemia virus reverse transcriptase (Promega) according to the manufacturer's protocol and with a mixture of the specific primers (see Table S1 in the supplemental material) JFH1-5=NTR-354R and YWHAZ-R for the HCV positive-strand RNA and the 14-3-3-zeta polypeptide (YWHAZ) mRNA, respectively, JFH1-5=NTR-276F and YWHAZ-R for the HCV negative-strand RNA (3.5 pmol/l of each primer), or pd(N) 6 random hexamer primers (GE Healthcare Life Sciences) for the cellular transcripts. Real-time quantitative PCR was performed using the SsoFast EvaGreen supermix (Bio-Rad) as well as primer pairs specific for the JFH1 5= NTR or the cellular YWHAZ, vascular endothelial growth factor A (VEGFA), glucose transporter 1 (GLUT1), hexokinase 2 (HK2), enolase 1 (ENO1), lactate dehydrogenase A (LDH-A), CKB, FOS, MYC, SRC, ␣1-antitrypsin (A1AT), and hepatocyte nuclear factor 4 alpha (HNF4-␣) (see Table S1 in the supplemental material). The YWHAZ housekeeping gene was selected as a normalization control, as it was confirmed that its expression was not affected under low-oxygen conditions (36) . Total cellular RNA from human liver biopsy (LB) specimens was prepared using the RNeasy Plus Mini total RNA isolation kit (Qiagen), and HCV positive-strand RNA was quantified using the Versant HCV RNA 3.0 (branched DNA [bDNA]) assay as recommended by the manufacturer.
Chemicals. AKT inhibitor VIII (AKTi-1/2) was obtained from Calbiochem.
Statistical analysis. Only results subjected to statistical analysis using Student's t test with a P value of Յ0.05 were considered statistically significant and presented. Statistical calculations were carried out using Excel in Microsoft Office.
RESULTS
Low oxygen tension induces HCV production in hepatoma cultured cells. HCV naturally infects hepatocytes that are exposed to an oxygen concentration ranging from 1 to 12% (14) , with a median value of 3% (vol/vol) O 2 (15) . However, to date, the HCV replication cycle has been studied exclusively under atmospheric oxygen conditions (20% O 2 ) in all cell culture systems (13) .
To investigate the effect of low oxygen (hypoxia and 3% O 2 ) on the efficiency of HCV replication, Huh7.5 cells were infected with a highly assembly-competent JFH1 isolate (JFH1/adpt1) ( Fig. 1) , and virus production was evaluated at 3% and 20% O 2 ( Fig. 2A) , as follows: subconfluent Huh7.5 cells preincubated for 18 h at 20% or 3% O 2 were inoculated with HCV (under the oxygen conditions of preincubation), the virus inoculum was withdrawn 4 h later, and cells were further incubated at 20% O 2 (a condition hereafter referred to as 20¡20), transferred immediately to 3% O 2 (20¡3), or further incubated at 3% O 2 (3¡3) for the indicated time points. The last condition (3¡3) was intended to induce low-oxygen-mediated cellular changes prior to infection. HCV production was assessed by evaluating viral protein expression and release of infectious HCV particles by using indirect im- (12) ; Jc1, chimeric virus genome composed of the J6CF structural and JFH1 nonstructural regions (gray and white boxes, respectively); JcR2a, a Jc1 derivative containing the R-Luc gene (striped box) fused N-terminally to 16 codons of the core gene (white box) and C-terminally to the FMDV 2A protease-coding sequence (gray striped box); LucCore-NSJFH1, a bicistronic replicon encoding a firefly luciferase (F-Luc)-ubiquitin (Ub)-core fusion protein (N-terminal 161 residues of the H77 isolate); Luc-NSJFH1/delGDD, containing a three-codon deletion in the NS5B region (delGDD) gene. Black bars in all panels indicate HCV NTRs. EI, IRES of the encephalomyocarditis virus. munofluorescence or Western blotting and TCID 50 assays, respectively.
As shown in Fig. 2B , at 24 h postinfection (h p.i.), the NS5A immunofluorescence staining of JFH1/adpt1-infected Huh7.5 cells was noticeably increased at 3% O 2 (20¡3) compared to that at 20% O 2 (20¡20). Accordingly, an enhanced accumulation of NS5A protein (5-to 7-fold) was also detected by Western blot analysis in lysates of JFH1/adpt1-infected Huh7.5 cells cultured under low-oxygen conditions (20¡3 or 3¡3) (Fig. 2C) . In addition, a significant titer increase was observed with cells cultured at 3% O 2 (about 10-fold for the 20¡3 condition and up to 30-fold for 3¡3) compared to cells cultured at 20% O 2 both 24 h and 48 h p.i. (Fig. 2D ), suggesting that low oxygen provides an advantage to HCV propagation in Huh7.5 cells.
Low oxygen tension induces HCV genome replication during the early stages of infection. We next investigated the particular step of the viral replication cycle that is affected by low O 2 . We first determined viral RNA replication by using the JcR2a reporter virus (Fig. 1) containing the R-luc gene. An enhancement of luciferase activity was found with cells cultured at 3% O 2 , arguing for elevated viral RNA replication under hypoxia ( Fig. 3〈 ; see also Fig. S1〈 in the supplemental material for 20% O 2 ). This result was supported by analysis of cells cultured under the same conditions and infected with the JFH1/adpt1 virus, thus excluding the possibility that the observed enhancement is caused by effects on luciferase (Fig. 3B) . Importantly, independent of the readout (luciferase assay, negative-or plus-strand RNA by qRT-PCR), replication was stimulated most in cells cultured consistently at low O 2 (3¡3). We therefore concluded that low O 2 has a positive effect on HCV RNA replication, best visible at early time points. The profound difference between RNA levels obtained with cells cultured at 3¡3 and those obtained with cells cultured at 20¡3% O 2 conditions argues for a replication-promoting effect by the preexisting cellular response to low oxygen.
In order to examine whether the significantly higher levels of viral RNA are due to enhanced viral entry, we determined the amounts of JFH1/adpt1 RNA 4 h postinoculation in cells cultured at 20¡20 or 3¡3% O 2 or in cells that were transferred immediately after virus addition from 20% to 3% O 2 (20¡3*). As shown in Fig. 3C , viral RNA levels were similar in all three conditions, suggesting that virus entry is most likely not affected by low oxygen in our system. These results were substantiated by transfecting the bicistronic reporter replicon LucCore-NSJFH1 and the reporter virus JcR2a as well as the JFH1 wild-type (wt) genome ( Fig. 1) into Huh7-Lunet cells that were subsequently incubated at 20% or 3% O 2 for various time points posttransfection (p.t.). At 4 h p.t., luciferase values attained with the reporter constructs were reduced around 2-fold at 3% O 2 compared to values at 20% O 2 , whereas at 24 h p.t., a significant rise of about 4.5-fold was detected (Fig. 3D) . Similarly, at 24 h p.t. of JFH1 wt RNA, Western blot analysis revealed a higher accumulation of NS5A protein (5-to 7-fold) ( Fig.  3E ) and the TCID 50 assay showed a significant increase (7-to 8-fold) in the production of infectious HCV (Fig. 3F ) at 3% O 2 . However, at 48 h p.t., the 3% O 2 -related enhancement was significantly lower for the transfected cells than for the infected cells. We hypothesized that this may be related to the different kinetics of HCV RNA replication in transfected cells compared to infected cells (37) or to stronger exhaustion of host factors in transfected cells than infected cells (38) . In fact, a more detailed kinetics analysis using different amounts of the bicistronic replicon LucCore-NSJFH1 showed that under low-oxygen conditions, RNA replication enhancement reaches maximum levels 24 h p.t. and gradually declines thereafter (see Fig. S1B in the supplemental material). Overall, these results confirm that hypoxia facilitates HCV RNA replication during early stages of viral infection independent from virus entry.
We next investigated whether low oxygen tension has a positive effect on HCV RNA stability/expression, which may contribute to the enhancement of viral replication. Indeed, it has been reported that under hypoxia, the rate of cellular protein synthesis is reduced (39) . Consistently, we found that upon transfection of Huh7-Lunet cells with a capped and polyadenylated reporter mRNA, expression of F-Luc was diminished at 3% O 2 compared to normoxia (data not shown). However, HCV RNA translation is IRES dependent, raising the question of whether low oxygen may favor IRES-mediated translation. For this, a nonreplicative bicistronic JFH1 reporter RNA (Luc-NSJFH1delGDD) ( Fig. 1 ) was electroporated into Huh7-Lunet cells that were further cultured at 20% or 3% O 2 for various time points p.t. Interestingly, a significant impairment of luciferase activity was detectable with cells transferred to 3% O 2 right after transfection (20¡3) or with cells preincubated for 18 h at 3% O 2 prior to transfection (3¡3) (Fig.  3G) . Furthermore, no increase in the HCV IRES-dependent expression of luciferase was observed using a bicistronic reporter plasmid under infection conditions (40) at 3% O 2 (see Fig S1C in the supplemental material). Thus, enhanced HCV RNA replication at low O 2 concentrations is not due to elevated RNA translation.
Low-oxygen-mediated enhancement of HCV replication during early infection is not facilitated by HIF-␣. Hypoxia-inducible factors (HIFs) are important transcription factors for cell adaptation to hypoxia (18) which are stabilized and activated below 5% O 2 (41) . The oxygen-regulated HIF-␣ subunit (1␣/2␣/3␣) and the ubiquitous HIF-1␤ interact as a complex with HRE-containing gene promoters. However, HIF-1␣ activation under normoxia is a general phenomenon in infection with bacteria, protozoa, and pathogenic viruses (29) . HCV induces HIF-1␣ stabilization at late time points postinfection (42) (43) (44) . Thus, we examined if the induction of HCV replication, observed at 3% O 2 , was related to HIF activation. To this end, we performed the following experiments.
First, we confirmed that HIF-1␣ was stabilized already 1 h after transferring JFH1/adpt1-infected Huh7.5 cells to 3% O 2 and remained at high levels up to 48 h p.i. (Fig. 4A) . HIF activation at 3% O 2 (ϳ20-fold) (Fig. 4B ) was verified by measuring luciferase activity in cells transfected with the plasmid 9xHRE-Luc, infected with JFH1/adpt1, and then incubated at 20% or 3% O 2 (20¡20 or 20¡3). Consistent with the HIF-1␣ protein (Fig. 4A) , HRE activity (see Fig. S2 in the supplemental material) was similar between HCV-and noninfected cells at early hours p.i., whereas at 72 h p.i., an ϳ2-fold increase was detected in infected cells, in agreement with studies (42) (43) (44) showing HIF-1 activation at late stages of HCV infection.
Second, we evaluated the role of HIFs in the enhancement of HCV replication under low-oxygen conditions by silencing the two most well-studied HIF-␣ isoforms, 1␣ and 2␣ (45) . A mixture of two siRNAs (siHIF1␣/2␣) efficiently reduced HIF-1␣ levels at 3% O 2 , as shown by Western blotting of JcR2a-infected cells (Fig.  4C ), without affecting cell viability (see Fig. S3D in the supplemental material). Also, silencing of HIF1␣/2␣ was confirmed upon cotransfection of the 9xHRE-Luc plasmid, as HRE activity was downregulated ϳ5-fold (Fig. 4D, left) . Surprisingly, silencing had no effect on the enhancement of HCV RNA replication at 3% O 2 (Fig. 4D, right) . Third, we overexpressed HIF-1␣ and -2␣ (Fig.  4E ), leading to upregulation of HRE comparable to that observed at 3% O 2 (Fig. 4F, left) and induction of HIF-regulated genes (see Fig. S3A in the supplemental material), albeit lower than that observed at 3% O 2 ; however, this had no effect on HCV replication (Fig. 4F, right) or particle production (see Fig. S3B in the supplemental material). Finally, we pharmacologically induced HIF stability and/or activity (46) by treating Huh7.5 cells with CoCl 2 , desferrioxamine (DFO), or dimethyloxallyl glycine (DMOG). This enhanced HRE activity (see Fig. S3E , left, in the supplemental material) again had no effect on viral replication (see Fig. S3E , right, in the supplemental material). These results suggest that hypoxia-related enhancement of HCV replication, observed at the early stages of infection, occurs independently from HIF-1 and HIF-2 activation.
Low-oxygen-mediated enhancement of HCV replication is linked to hypoxia-induced reprogramming of cellular energetics. Since the activation of HIFs did not contribute to the detected upregulation of HCV replication at 3% O 2 , we examined global cellular gene expression changes in mock-and JFH1/adpt1-infected Huh7.5 cells using hypoxia signaling pathway-focused DNA microarrays. Cells cultured for 24 h at 3% O 2 showed (18, 47) an upregulation (by at least 2-fold) of several hypoxia-related genes (see Table S2 in the supplemental material), such as HIFs, directing transcriptional targets (VEGFA, EPO), genes encoding stress-related proteins, and genes involved in oxidative stress and reactive oxygen species (ROS) production, glucose transport (GLUT1, GLUT8) and metabolism (HK2, ENO1), cell growth, proliferation, and cell cycle regulation, including the FOS, MYCN, and KIT oncogenes. Notably, the respective transcript levels in uninfected and infected cells were similar. Moreover, qRT-PCR analysis of selected genes revealed an early response of transcriptional reprogramming to low oxygen (Fig. 5A) and confirmed a metabolic shift toward a higher rate of anaerobic glycolysis. Cell cycle distribution experiments using hydroxyurea (HU) treatment and fluorescence-activated cell sorting (FACS) analysis (see Table S3 in the supplemental material) also supported an acceleration of the cell cycle kinetics at 3% O 2 , consistent with previous studies (48, 49) . Interestingly, HCV replication enhancement at 3% O 2 was also observed in the HU-arrested cells, suggesting that the effect on HCV is related neither to cell cycle acceleration nor to a specific cell cycle phase (data not shown).
Given that viral replication processes depend strongly on cell energetics, we assessed the effect of 3% O 2 on the intracellular levels of ATP in JcR2a-infected (Fig. 5B, left) , JFH1 RNA-transfected (Fig. 5B, middle) , and mock-transfected (Fig. 5B, right To test the relationship between cell energetics and HCV replication, we modulated ATP production of cells by feeding with high or low glucose, galactose, or glutamine, followed by incuba- tion of cells at different O 2 concentrations. As shown in Fig. 6A and B, glucose reduction or substitution resulted in a gradual attenuation of the increase of both the intracellular ATP content and HCV replication observed under low oxygen conditions. qRT-PCR analysis confirmed a concomitant strong reduction of HK2 gene expression at 3% O 2 (Fig. 6C) , suggesting an impairment of glycolysis. We therefore concluded that HCV replication enhancement at 3% O 2 correlates primarily with an ATP increase due to the induction of anaerobic glycolysis.
Low-oxygen-mediated HCV replication enhancement is also linked to an increase in CKB-dependent ATP synthesis. Based on previous studies (51-53), another important metabolic route that can still produce ATP under low-oxygen conditions in Huh7 cells is catalyzed by creatine kinase (CK) (54) . The brain-type isoform of this enzyme (CKB) has been shown to promote HCV replication (55) . Interestingly, qRT-PCR analysis demonstrated a significant (8-to 9-fold) increase in CKB mRNA at 3% O 2 , indicating directly that CKB is a hypoxia-induced gene (Fig. 6D) . To determine the possible effect of this kinase on HCV replication induction at 3% O 2 , we silenced CKB expression. This reduced the ATP increase observed at 3% O 2 by 50% (Fig. 6E ) and resulted in a lower enhancement of JcR2a RNA replication (Fig. 6F) . Replacement of glucose by galactose simultaneously with CKB silencing resulted in lower intracellular ATP levels and viral replication at 3% than at 20% O 2 . These data suggest that under low-oxygen conditions, glycolysis and CKB are the main contributors to ATP production and play a key role in the observed enhancement of HCV replication.
At 3% O 2 , virus replication is induced in DMSO-treated
Huh7.5 cells. To investigate the effect of hypoxia on HCV replication in a cellular system that better mimics the in vivo situation and to exclude effects caused by cell proliferation, we produced highly differentiated, growth-arrested Huh7.5 cells (Huh7.5 dif ) by DMSO treatment (see Fig. S5A and C, left, in the supplemental material) (56) . These cells were readily infectible with HCV, albeit with lower efficiency than Huh7.5 cells (see Fig. S5B and C in the supplemental material).
Under hypoxia, HCV replication enhancement was also observed in Huh7.5 dif cells, detected early after infection ( Fig. 7A and  B) , and sustained throughout the 2-week observation period ( Fig.  7A ; see also Fig. S5D in the supplemental material) . Consistently, an upregulation of the glycolysis-related genes GLUT1 and HK2 was detected at 20¡3 and 3¡3% O 2 (Fig. 7C) .
Correlation of VEGF, HK2, LDH-A, and CKB with HCV RNA levels in liver biopsy specimens from chronically infected patients. In an attempt to correlate results obtained in cell culture with the in vivo situation, we obtained liver fine-needle biopsy specimens from 12 patients with liver fibrosis due to chronic HCV infection. Total RNA was extracted and subjected to qRT-PCR analysis for quantification of mRNA levels of the energy production-related genes HK2, LDH-A, and CKB as well as the hypoxic stress-responsive gene VEGFA. HCV positive-strand RNA was quantified by a branched DNA assay. Importantly, liver biopsy (LB) samples 10 to 12, containing the largest amounts of the cellular transcripts (Fig. 8A) , also contained the largest HCV RNA amounts (Fig. 8B) . Moreover, LB samples 1 to 6, containing the HIF, reprogramming of bioenergetics during hypoxia is also known to be affected by certain oncogenes and tumor suppressor genes (47, (57) (58) (59) (60) (61) (62) . Hypoxia-mediated upregulation of AKT1, MYC, FOS, H-RAS, SRC, BCR/ABL, and p53 has been reported to enhance glucose uptake and glycolysis through direct activation of related genes, including GLUT1, HK2, ENO1, and LDH-A. Since our results (see Table S2 in the supplemental material) suggested the upregulation of certain oncogenes (FOS, MYCN, and KIT) in HCV-infected cells under hypoxia, we investigated further the induction of selected oncogenes by using qRT-PCR. As shown in Fig. 9A , at 24 h of cell incubation at 20¡3 or 3¡3% O 2 , FOS, MYC, and SRC were upregulated 3-to 4-fold compared to levels after incubation at 20¡20% O 2 . Notably, mRNA levels in noninfected (mock) cells were similar to those in infected cells. Expression of AKT1, H-RAS, and BCR/ABL genes was unaffected (data not shown). However, consistent with previous studies (63) , Western blot analysis revealed a significant increase of AKT phosphorylation levels in HCV-infected Huh7.5 cells cultured at 3% O 2 compared to cells at 20% O 2 (Fig. 9B) . Notably, AKT phosphorylation was also induced early during infection of Huh7.5 cells at 20% O 2 (compare mock-and JFH1-infected cells), as previously described for other flaviviruses (64, 65) , and this increase was higher at 3% O 2 , even after elimination of the infection-related enhancement of AKT (63) . Interestingly, in the nondividing Huh7.5 dif cells, FOS was also upregulated at 20¡3 and 3¡3% O 2 24 h p.i. (Fig. 9A ) whereas MYC and SRC were not changed (data not shown). Moreover, FOS and SRC were not induced upon HIF-1␣/2␣ overexpression (see Fig. S6A in the supplemental ma- terial). Therefore, we hypothesized that certain hypoxia-regulated oncogenes can operate separately from HIFs to modulate cell energetics favoring HCV RNA replication.
To challenge this hypothesis, we evaluated the role of FOS and AKT in HCV replication. FOS was chosen because its expression was upregulated in both normal and DMSO-treated Huh7.5 cells. As shown in Fig. 9C , overexpression of a JUN-FOS tethered dimer in cells cultured at 20% O 2 enhanced virus replication ϳ2-fold (middle panel), concomitant with an ϳ20% elevation of intracellular ATP levels (right panel). As expected, the consensus tissue plasminogen-activator response element (TRE) within the human matrix metalloproteinase 1 (MMP1) promoter, known to be recognized by JUN-FOS, was strongly activated (ϳ10-fold) (left panel). Concerning AKT, its role in the induction of glycolysis is well documented. Treating Huh7.5 cells with the AKT inhibitor VIII (AKTi-1/2) reduced JcR2a replication enhancement at 3% O 2 (Fig. 9D) , even at an inhibitor concentration (C1 in Fig. 9D ) that does not significantly alter cellular ATP content (data not shown). These results suggest that activator protein 1 (AP-1) (FOS/JUN or JUN/JUN dimers) and AKT are factors responsible for the enhancement of HCV replication under low-oxygen conditions.
In support of this assumption, incubation of cells at 12% O 2 , a condition prevailing in the liver, did not stabilize or activate HIF in Huh7.5 cells (see Fig. S6B and C, respectively, in the supplemental material), consistent with HIF activation at oxygen levels lower than 5% (vol/vol) (41). However, transcription of glycolysis-related genes and CKB (see Fig. S6D , left, in the supplemental material) and expression of the FOS oncogene (see Fig. S6D , right, in the supplemental material) were enhanced. Consistent with these results, JcR2a replication (see Fig. S6E in the supplemental material) and intracellular ATP levels (see Fig. S6F in the supplemental material) were also enhanced at 12% O 2 , albeit with delayed kinetics and to a lower extent compared to levels at 3% O 2 .
To summarize, certain oncogenes, including FOS and AKT1, in combination with other cellular factors, such as CKB, modulate cell energetics and, thus, HCV RNA replication.
DISCUSSION
Recent studies have shown that oxygen tension exerts a significant effect on the replication of several viruses. In general, hypoxia restricts the replication of viruses that naturally infect tissues exposed to ambient oxygen (simian virus 40, adenovirus) (25, 26) and induces the propagation of viruses that naturally target tissues exposed to low oxygen concentrations (vesicular stomatitis virus, herpesviruses, human immunodeficiency virus, parvovirus B19) (20) (21) (22) (23) (24) .
To date, HCV in vitro infection has been studied exclusively under atmospheric oxygen conditions using mostly Huh7 and derivatives, although the liver microenvironment is hypoxic (14, 15) and hepatocytes are highly differentiated (66) . Here, we investigated HCV replication efficiency at 3% (vol/vol) O 2 to mimic the oxygen tension sensed by most hepatocytes in the liver or at 12% O 2 , which is present around the liver portal vein. Our results reveal the following.
Low oxygen tension (3% O 2 ) enhances HCV replication in cultured cells. This was most pronounced by preincubation of cells at 3% O 2 prior to infection (3¡3% O 2 ), arguing that a preexisting hypoxia-induced cellular factor(s) promotes HCV replication. This enhancement was due to an RNA replication increase at early hours of infection, whereas virus entry, RNA translation, assembly, and release were not detectably affected ( Fig. 2 and 3) . Several mechanisms responsible for replication enhancement can be envisaged.
Low-oxygen-mediated increase of HCV replication is independent of HIF-1␣/2␣ activation. HIFs are fundamental control transcription factors of the cellular metabolic state under lowoxygen conditions (18) . Although low-oxygen-dependent enhancement of HCV replication may reflect HIF-1-mediated alterations of cellular homeostasis, overexpression and silencing studies revealed that HIF-1␣/2␣ activation did not correlate with the hypoxia-related increase of HCV replication observed at the early stages of infection ( Fig. 4 ; see also Fig. S3 in the supplemental  material) . In agreement, chemically induced hypoxia failed to elevate HCV replication, whereas 12% O 2 , which fails to activate HIF-1␣ (41) (as well as HIF-2␣), positively affected HCV replication (see Fig. S6 in the supplemental material) . Notably, HIF-1␣ activation from HCV at late stages of viral infection has been reported under normoxia and has been linked to mitochondrial dysfunction and oxidative stress caused by HCV proteins (42) (43) (44) . In agreement with these studies, we also detected an increase in HIF-1␣ activation, but only 72 h p.i. (see Fig. S2 in the supplemental material). Interestingly, a HIF-1-independent increase of genome replication under hypoxic conditions has been found also for B19V (67) .
Low-oxygen-mediated increase in HCV replication in cultured cells is directly linked to cellular energetic changes. Hypoxia is associated with an adaptive cell metabolic reprogramming, including a shift in glucose metabolism from oxidative phosphorylation to anaerobic glycolysis and lactic acid production (18, 47) . Huh7.5 cells, like most cancer cells, exhibit high rates of glycolysis and lactate production under normoxia (Warburg effect) (58, 62) and even higher rates under hypoxia conditions (Pasteur effect) (68) . For highly proliferating cells, the advantage of such a metabolic switch is to combine energy (ATP) from enhanced glycolysis with production of nutrients/intermediates for cell growth and division (69) . Oncogenes and tumor suppressor proteins are known to regulate this phenomenon in addition to HIF activation (60) .
Indeed, transcriptome analysis of Huh7.5 cells confirmed that several oncogenes, as well as genes involved in glucose uptake (GLUT1) and anaerobic glycolysis (LDH-A, HK2, ENO1), were upregulated at 3% O 2 ( Fig. 5A ; see Table S2 in the supplemental material). A comparison of HCV-infected and mock cells up to 24 h p.i. suggested that during the early stages of infection, HCV does not affect the cellular transcription profile, as previously shown (70) . As expected, enhanced glucose uptake and use compensated for the ATP levels under low-oxygen conditions (Fig. 5B) and promoted cell proliferation (see Table S3 in the supplemental material), consistent with previous reports (48, 49) .
Interestingly, the ATP gain correlated well with the low-oxygen-mediated HCV replication enhancement and was directly linked to hypoxia-induced glycolysis, as revealed by experiments comprising the use of different energy substrates in the culture medium of infected Huh7.5 cells (Fig. 6A to C) . Consistently, previous studies have directly implicated two glycolytic enzymes in the regulation of HCV replication (71, 72) , hexokinase III, which is transcriptionally activated by both HIF and MYC under hypoxia, and pyruvate kinase, which is enhanced in a HIF-independent manner (73) (74) (75) . Thus, hypoxia-mediated upregulation of glycolysis represents an HCV replication-promoting metabolic modification. Moreover, oxidative phosphorylation, although active at 3% O 2 , had no role in the observed gain of energy, as detected by oligomycin treatment (mitochondrial ATP synthase inhibitor) of the infected cells (data not shown).
Oncogene induction may be implicated in hypoxia-related HCV replication enhancement. Oncogenes and tumor suppressor proteins, such as AKT, AP-1 (FOS/JUN or JUN dimers), MYC, SRC, and p53, are known to coordinate glycolysis under both anaerobic and aerobic (Warburg) conditions (47, (58) (59) (60) (61) (62) . Furthermore, induction of oxidative stress-and ROS-related genes (76) or other HIF-1-independent pathways, such as that of RAS and intracellular Ca 2ϩ effector pathways (77, 78) , may modulate oncogene expression under certain cellular conditions. Inasmuch as our results indicated a HIF-independent hypoxia-induced HCV replication, we hypothesized that certain oncogenes and/or tumor suppressor genes may play a critical role in cellular changes that favor virus replication enhancement under low-oxygen conditions.
Indeed, several oncogenes were found to be upregulated ( Fig.  9A ; see Table S2 in the supplemental material) or activated (Fig.  9B ) at 3% O 2 , together with oxidative stress-and ROS-related genes (see Table S2 in the supplemental material) that may contribute to oncogene induction. Among the induced oncogenes, FOS, MYC, SRC, and AKT have been already shown to directly activate glucose-related transporter and glycolytic gene promoters independently of HIFs (47, (57) (58) (59) (60) (61) (62) and, in addition, have been reported to stimulate HCV replication through either association with viral nonstructural proteins or other ways of action not completely defined (71, (79) (80) (81) (82) (83) . In fact, our results confirmed the HIFindependent transcriptional activation of FOS and SRC (see Fig.  S6A and D in the supplemental material) under hypoxia and showed that JUN-FOS overexpression was sufficient to increase HCV replication and intracellular ATP (Fig. 9C) . In contrast, no ATP increase was detected during HIF overexpression, even though the expression of certain glycolytic enzymes was affected (see Fig. S3A and C in the supplemental material), or upon chemical-induced hypoxia (data not shown), whereas no decrease was observed after HIF-1␣/2␣ silencing (see Fig. S3D in the supplemental material). Moreover, the enhanced FOS expression in the DMSO-differentiated Huh7.5 cells at 3% O 2 (Fig. 9A) argues for a cellular proliferation-unrelated role of this oncogene in HCV replication enhancement. In addition, although expression of the AKT1 gene was found unaffected at 3% O 2 in infected cells, AKT phosphorylation/activation was increased under hypoxia (Fig.  9B) . Interestingly, the addition of the AKT inhibitor VIII (Akti-1/2) had a negative effect on the HCV replication enhancement at 3% O 2 (Fig. 9D) , even at concentrations that do not significantly alter intracellular ATP, implicating AKT activity in the hypoxiamediated increase of HCV propagation.
Finally, supportive of our hypothesis that oncogenes are crucial for the hypoxia-mediated HCV enhancement, our results from 12% O 2 show that although, as expected (41), 12% O 2 does not support HIF stabilization/activation, it enhances HCV replication and, concomitantly, the expression of glycolytic enzymes and oncogenes (see Fig. S6B to E in the supplemental material).
Thus, at least in hepatoma cells, oncogenes appear to be important players in the hypoxia-driven cellular metabolic shift, enhancing glycolysis and ATP production and, concomitantly HCV replication in a HIF-independent manner. Interestingly, hypoxiamediated induction of oncogenes has been reported also for primary liver cells (49) .
CKB induction contributes to hypoxia-related HCV replication enhancement. Creatine kinase covers the immediate energetic needs of the cell by catalyzing the reversible reaction of phosphocreatine (PCr) and ADP to creatine and ATP (54) . To date, CKB upregulation under hypoxia has been reported in a threedimensional hepatocellular culture model (53) as well as in the rat liver (51) , and CKB overexpression in the liver of transgenic mice has been shown to stabilize the energy metabolism protecting against low-oxygen stress (52) . Moreover, CKB, the main isotype expressed in the liver (84) , is known to regulate HCV replication by forming a complex with NS3-4A and locally delivering the energy required for the helicase activity (55) .
In our study, the CKB mRNA levels were strongly induced at 3% O 2 (Fig. 6D) , and this contributed significantly to both HCV replication enhancement and higher intracellular ATP levels at 3% O 2 ( Fig. 6E and F) , as revealed by silencing experiments. Interestingly, CKB upregulation observed at 12% O 2 argues for a HIF-independent transcriptional activation under low-oxygen conditions (see Fig. S6D in the supplemental material). Oncogene-mediated regulation of the CKB promoter has been suggested only for the case of p53 (repression) (54) . However, the details of CKB modulation by oxygen tension remain elusive. Sp1 and cyclic AMP (cAMP)/protein kinase A (PKA) response elements of CKB promoter may be involved, as shown for glucose metabolism genes during low-oxygen conditions (73, 85) .
Overall, our results indicate that, in addition to glycolysis, CKB may act to enhance the intracellular ATP levels under low-oxygen conditions in a HIF-independent manner. Thus, oncogene-mediated glycolysis and CKB activation are the main contributors to ATP production, at least in Huh7.5 cells, and the observed hypoxia-related enhancement of the HCV replication is directly linked to the activity of those processes. Therefore, it is tempting to speculate that HCV-infected patients may benefit by combining the current therapy with the use of glycolysis or CKB inhibitors, used already in cancer treatment (62, 86, 87) .
Low oxygen tension promotes a sustained induction of HCV infection in Huh7 dif cells. A low-oxygen-mediated increase in HCV replication was also observed in Huh7.5 dif cells (differentiated by DMSO) that better mimic the conditions of HCV infection in vivo (56) . Interestingly, HCV replication enhancement at 3% O 2 was maintained up to 2 weeks in this system (Fig. 7) , consistent with its ability to support long-term HCV replication. Moreover, this system confirmed that hypoxia selectively affects the establishment of HCV replication, since preincubation of cells at 3% O 2 determined the level of viral RNA throughout a 2-week observation period.
Importantly, bioenergetics reprogramming and HCV replication enhancement in the nondividing Huh7.5 dif cells at 3% O 2 can be exclusively linked to hypoxia adaptation, excluding confounding effects caused by increased cell proliferation (47, 58, 62, 69, 88) , similarly to the HU-arrested Huh7.5 cells.
Increased HCV RNA levels correlate with increased activity of anaerobic metabolism in liver biopsy specimens. Liver cells regulate their metabolism and structure in response to oxygen tension (16, 19) . A correlation between low oxygen and increased glycolysis prevails in the liver (16, 17) . Also, at least in mouse liver, CKB overexpression stabilizes energy metabolism upon hypoxic stress (51, 52) .
Analyses of liver biopsy specimens derived from HCV patients with liver fibrosis due to chronic infection showed a significant association between the expression levels of anaerobic energy metabolism (HK2, LDH-A, CKB)-and hypoxia (VEGFA)-related genes and the HCV RNA load (Fig. 8) . These results are in perfect agreement with our cell culture data, indicating a strong link among hypoxia, increased glycolysis rate and CKB activity and higher HCV RNA replication.
In summary, we report that HCV infection of Huh7-derived cell lines cultured under low-oxygen conditions (3% or 12%) promotes the early stages of HCV infection/replication compared to standard cell culture conditions (20% O 2 ). This enhancement directly correlated with hypoxia-induced changes in cell energetics, including an increase in anaerobic glycolysis and CKB expression that leads to elevated ATP production. Surprisingly, activation of HIF-1␣/2␣ was dispensable for this enhancement, whereas activation of certain oncogenes appears to be the central event in the HCV RNA replication induction. This study opens new possibilities in optimizing conditions for in vitro propagation of HCV and defining novel therapeutic targets.
